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aortic valve implantationPencilla Lang, BEng,a,b Terry M. Peters, PhD,a,b Bob Kiaii, MD, FRCSC,a,c and Michael W. A. Chu, MD,
FRCSCa,b,cTranscatheter aortic valve implantation (TAVI), an innova-
tive stent-based technique for delivery of a bioprosthetic
valve, has seen remarkable growth since 2002 and has re-
sulted in a paradigm shift in treatment options for elderly pa-
tients with aortic stenosis. Although there have been major
advancements in transcatheter valve design and endovascu-
lar access routes, TAVI still relies largely on single-plane
fluoroscopy for intraoperative navigation and guidance,
with only gross structures visible. Patient outcomes have
improved with experience; however, early complications
still occur and are commonly associated with limited intra-
operative imaging and suboptimal valve positioning. We
discuss these concepts and describe how a greater emphasis
on imaging research could significantly reduce the current
perioperative morbidity and mortality of TAVI and lead to
a better controlled, more accurate, and safer procedure.
Reparative heart procedures have traditionally required
open-chest heart surgery, relying on large incisions, the
heart-lung machine, direct visualization, and manual tissue
manipulation. Percutaneous, guidewire-based approaches
that have been developed to perform coronary artery angio-
plasty and stenting often depend on single or biplane fluoro-
scopic imaging. These techniques have evolved to address
more complex structural heart defects, such as atrial septal
defects and valvular stenosis. Transcatheter aortic valve im-
plantation (TAVI) is a less-invasive alternative in which a bi-
oprosthetic valve is delivered on a catheter through the
femoral artery (transfemoral) or left ventricular apex (trans-
apical) to the aortic annulus, displacing the native valve and
replacing its function. This innovative, stent-based ap-
proach removes the need for a large incision and avoids
the risks of a conventional operation while providing
a less-invasive solution to the common problem of aortic
stenosis. Since 2002, more than 20,000 TAVI procedures
have been performed with good outcomes.1 Recently, the
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The Journal of Thoracic and Car(PARTNER) trial has demonstrated significantly better sur-
vival after TAVI treatment than after medical therapy in
nonsurgical patients and similar survivals after TAVI and
surgical replacement in high-risk patients.2,3 Although
there have been major advances in transcatheter valve
design, most TAVI procedures still rely solely on single-
plane fluoroscopic imaging for intraoperative guidance.THE PROBLEM
Despite the success and growth of TAVI thus far, signif-
icant complications remain, including death, stroke, valve
malposition, embolism, coronary obstruction, heart block
requiring permanent pacemaker, paravalvular leak, and sec-
ondary nephrotoxicity from contrast use.4 Most of these
complications may be related to inadequate image guidance
and suboptimal valve positioning, because single-plane
fluoroscopy provides only gross imaging of the aortic valve,
rendering the surgeon blind to surrounding structures. As
a result, valve implantation often requires some degree of
calculated faith in avoiding injury to hidden adjacent struc-
tures. Poor alignment of the valve with respect to the aortic
annulus may result in valve malposition once deployed or in
embolism of the device. Similarly, positioning the valve too
deeply may cause atrioventricular block and the need for
a permanent pacemaker. Coronary obstruction may be
caused by positioning the valve directly in front of the cor-
onary ostia or in such a manner that the displaced native
valve occludes the coronary ostia. Some cases of paravalv-
ular leak may also be related to poor positioning of the stent
with respect to calcium on the native leaflets, which would
prevent the stent from deploying fully.5 Finally, use of mul-
tiple contrast fluoroscopic images can increase the risk of
secondary nephrotoxicity.
Safe positioning of a transcatheter valve requires both the
anatomic structures of the aorta and the valved stent to be
visible intraoperatively. Although most centers use preoper-
ative computed tomography (CT) to assess patient candi-
dacy, intraoperative guidance consists of aortography for
positioning and transesophageal echocardiography for
functional assessment.6,7 Neither of these modalities is
optimal for guidance. Aortography provides good stent
delineation but lacks 3-dimensional context and provides
only limited views of the aortic valve and coronary ostia.
In addition, repeated contrast exposure has been reported
to cause acute kidney injury in 11% to 24% of patients.8-11
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Expert Review Lang et alvisualization of both the aortic root and new prosthesis but
suffers from poor spatial resolution and artifacts introduced
by the metal stent and heavy calcification of the stenotic
valve, making the images difficult to interpret with cer-
tainty.12,13 Although preoperative CT provides good
anatomic visualization for procedure planning and
prosthesis selection, these landmarks cannot be used for
intraoperative guidance because they do not provide
context for intraoperative tools.CURRENT TAVI INVESTMENTS
Seemingly inordinate efforts and exorbitant research
funding have been invested in the design of second- and
third-generation transcatheter valves, and many of these ef-
forts have focused on self-alignment, miniaturization, and
the ability to reposition a valve after initial deployment.14
There are more than 20 different devices at various stages
of development and testing, with thus far a single device,
the Edwards SAPIEN valve (Edwards Lifesciences LLC, Ir-
vine, Calif), having received US Food and Drug Adminis-
tration approval.14 Although many of these devices will
no doubt improve patient outcomes and reduce procedural
risk, there is a clear paucity of research into improvements
in intraoperative visualization and guidance.CURRENT TAVI IMAGING PROGRESS
Recent research has focused on the use of additional
intraoperative 3-dimensional imaging to address visualiza-
tion deficits. Kempfert and colleagues15 used the DynaCT
system (Siemens AG, Erlangen, Germany), an intraopera-
tive cone-beam CT overlaid on a fluoroscopic image, to
provide anatomic context. The DynaCT system constructs
a segmented aortic root from rotational angiography and
automatically detects landmarks, such as the coronary os-
tia. The segmented image is superimposed on the real-time
fluoroscopic image. The images are used as a guidance
tool during transapical aortic valve implantation and to se-
lect an optimal C-arm angulation for fluoroscopy. Recent
results in 50 patients have demonstrated positional accu-
racy of the coronary ostia, as displayed on the fluoroscopic
image, of 4.8 mm.16 Although this technique represents an
improvement, the CT model remains static and does not
allow real-time intraoperative guidance. Horvath and asso-
ciates17 used intraoperative magnetic resonance imaging to
guide placement of the stent, resulting in successful
implantation in porcine subjects. Such intraoperative
3-dimensional imaging is not widely available, however,
and it is very expensive. Hybrid operating suites capable
of acquiring rotational angiography cost between US
$1.2 and $2.0 million, and the base costs of intraoperative
magnetic resonance imaging can exceed US $5.3 million,
with significant additional operating and maintenance
costs.181242 The Journal of Thoracic and Cardiovascular SurRATIONALE AND HYPOTHESIS
We believe that the most efficacious way to improve
TAVI outcomes and reduce the risk of complications is to
improve intraoperative imaging to allow optimal valve po-
sitioning. Improved visualization of the TAVI prosthesis
and calcium within the aortic root may eliminate valve mal-
position, eliminate embolization and coronary obstruction,
reduce the risk of paravalvular leak and heart block, and re-
duce the need for contrast.
Proper visualization, through improved intraoperative
imaging, would reduce the reliance on self-aligning devices
to ensure optimal valve positioning within the aortic root.
This provides the physician more control over valve
positioning, allowing the valve position to be optimized in-
traoperatively and in real time in accordance with patient-
specific factors. Reducing physician uncertainty regarding
valve position in the root with better imaging would also re-
duce the need to resheath and reposition the device multiple
times.
There remain several important unsolved problems in im-
age guidance for TAVI. Most importantly, there is a need for
concurrent, real-time, intraoperative visualization of the
stent and aortic root geometry in 3 dimensions. This imag-
ing needs to be both affordable and easy to integrate into ex-
isting work flow. An ideal system would be intuitive to use
and require little specialized knowledge to operate or inter-
pret. There is also a need for the ability to predict calcium
fracture patterns and motion on the basis of preoperative
imaging and to visualize calcium motion intraoperatively
to allow compensation or adjustment of valve positioning.
Many new developing technologies, including computer-
based aortic root models and augmented imaging, demon-
strate great potential in addressing these challenges.19,20
A greater emphasis on research in imaging technology for
TAVI could lead to a better controlled, safer procedure
with fewer complications.References
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